I n the U.S., strawberry (Fragaria ×ananassa), tomato (Lycopersicon esculentum), bell pepper (Capsicum annuum), cucumber (Cucumis sativus), squash (Cucurbita pepo), and watermelon (Citrullus lanatus) produce an annual gross value of approximately $4.1 billion (U.S. Department of Agriculture, 2005) . In 2004, Florida produced more than 25% of the total U.S. sales of these six commodities, with the majority of the planted area being fumigated during the last two decades with methyl bromide (MBr) to control most soilborne pests (U.S. Department of Agriculture, 2005) . However, MBr is being phased out in compliance with the Montreal Protocol, which classifi es this fumigant as an ozone-depleting molecule (U.S.
Environmental Protection Agency, 1999; Watson et al., 1992) .
Currently, one of the main alternatives to replace MBr is the combination of the nematicide 1,3-D and the fungicide Pic, which can be either injected into the soil with chisels or applied through drip irrigation lines. Previous studies have shown that although soilborne fungi and nematodes can be effectively managed with 1,3-D + Pic, this fumigant does not consistently control purple nutsedge and yellow nutsedge (Cyperus esculentus) (Gilreath and Santos, 2004a) . These weeds have the ability to penetrate the mulch with their sharp leaf tips. Ample information exists on nutsedge interference with vegetable crops. Motis et al. (2003) found that a nutsedge density of 90 plants/m 2 reduced bell pepper yield by at least 70%, whereas Gilreath and Santos (2004b) showed that tomato yield loss from season-long purple nutsedge interference could reach 51% with a density of 105 plants/m 2 . Morales-Payan et al. (1997) demonstrated that a density of 50 plants/m 2 of purple nutsedge reduced bell pepper and tomato yield by <10%. These weed densities are common in Florida warm weather. The addition of preemergence herbicides has been a tool to control many noxious weeds in polyethylenemulched crops. Halosulfuron and metolachlor have shown acceptable activity mainly against nutsedges, but these herbicides are not labeled for application in all crops (Stall and Gilreath, 2002) . Additionally, herbicide applications prior to fumigation increases production costs and the risk of personnel exposure.
Most high-value vegetable crops are grown with drip irrigation on beds covered with HDPE mulch, which has limited retention of fumigant vapors. In sandy soils, the emusifi able formulation of 1,3-D + Pic is usually applied at rates between 13 and 56 gal/acre in broadcast applications, and typical dilution rates are between 500 and 1500 ppm (Dow AgroSciences, 2006) . Previous studies proposed that fumigant activity against soilborne pests can be enhanced by using highly-retentive mulches, such as VIF, which could increase duration under the mulch of relatively high fumigant concentrations, consequently allowing more time for exposing soilborne pests to lethal rates and for lateral distribution in the soil Minuto et al. 1999; Santos et al., 2005) . Desaeger et al. (2004) 
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control beyond wetted fronts. Soil texture plays a signifi cant role in fumigant distribution throughout planting beds. However, fumigant lateral movement is limited in Florida spodosols, resulting in rapid volatilization through the mulch and hence poor nutsedge control on bed shoulders (Desaeger et al., 2004; Gilreath et al., 2003) . Therefore, increased fumigant retention needs to be addressed to improve weed control effi cacy.
One of the advantages of drip-application of 1,3-D + Pic is that it reduces production costs by relying on the same drip irrigation lines that are used for irrigation and fertilization. Thus, it is necessary to determine the potential use of this application method on fumigant retention and weed control in mulched-vegetable crops. Therefore, the objectives of this study were to 1) determine the effect of mulch types and applied concentrations of 1,3-D + Pic on fumigant retention; and 2) examine the infl uence of mulch fi lms and 1,3-D + Pic concentrations on purple nutsedge control.
Materials and methods

Two fi eld trials were conducted during Fall 2003 and Spring 2004 at the Gulf Coast Research and Education
Center of the University of Florida in Bradenton. The soil was classifi ed as EauGallie fi ne sand (Alfi c Haplaquod, sandy, siliceous, hyperthermic) with 1.0% organic matter and pH 6.7. Selected fi elds were infested with purple nutsedge at a density of approximately 15 plants/ft 2 . Different fi elds were used for each season. Treatments were distributed in a split-plot design with fi ve replications. 1,3-D + Pic concentrations (0, 600, 1000, and 1400 ppm) were the main plots, whereas mulch types were the subplots. Mulch types were 1) white on black HDPE mulch (1.25 mil thick; Pliant Corp., Schaumburg, Ill.); 2) white on black VIF (3 mil thick; Industrial Plastica Monregalise, Mondovi, Italy); 3) silver on white metalized mulch (3 mil thick; Pliant Corp., Schaumburg, Ill.); and 4) green VIF (3 mil thick; Klerk's Plastic, Hoogstraten, Belgium). The fumigant concentrations were chosen based on their activity against nutsedge in preliminary tests, and achieved by mixing 0, 136, 226, and 317 lb of 1,3-D + Pic in a delivery volume of 1 acre-inch of water per applied acre (27,154 gal water per applied acre).
Planting beds were 32 inches wide at the base, 28 inches wide at the top, 8 inches high, and spaced 60 inches apart on centers. Each experimental unit comprised a 15-ft-long bed. Immediately after bed pressing, two drip irrigation lines (T-Tape; T-Systems International, San Diego) with emitters every 12 inches were placed 12 inches apart and centered on bed tops, and beds were covered with their respective mulches. Irrigation fl ow was approximately 0.40 gal/100 ft/min.
Soil air under plastic mulch was sampled at bed centers using a Gastec Model GV-100 gas sampling pump, equipped with trichloroethylene detection tubes (5% accuracy; Gastec Corp., Ayase-City, Japan), which detected concentrations of 1,3-D at 1, 2, 3, and 4 DAT (Gastec Corp., 2003) . This measurement refl ects fumigant retention under the fi lms (Desaeger et al., 2004) . Purple nutsedge population densities were determined at 2 and 5 WAT by counting emerged plants within each experimental unit. Data were analyzed with the general linear model procedure to determine interactions between the two factors and regression analysis was applied to characterize the effect of time after 1,3-D + Pic application on mulch fumigant retention, and between applied 1,3-D + Pic concentration and purple nutsedge densities (SAS, 2000) . Orthogonal contrasts were used to compare specifi c treatment means and Pearson correlation was utilized to determine the association between purple nutsedge densities at 5 WAT and 1,3-D + Pic retention in the soil at 3 DAT (SAS, 2000) .
Results and discussion
The interaction between treatments and seasons was nonsignifi cant. Concentrations of 1,3-D + Pic and mulch types interactively infl uenced fumigant retention. Regardless of the initial 1,3-D + Pic concentrations and mulch types, fumigant retention exponentially decreased over time (Fig. 1A-C) . At 1 and 2 DAT, VIF-G had the highest fumigant retention among all mulches, while differences in retention among mulches tended to disappear as time after application approached the fourth day.
When 600 ppm of 1,3-D + Pic were injected into the soil, the regression equations indicated that at 1 DAT, VIF-G retained 3.3 times (341 ppm) more fumigant than under HDPE mulch (102 ppm). Similarly, at the same sampling time, VIF-WB and metalized mulch had 269 and 249 ppm, respectively (Fig. 1A) . A similar tendency persisted during the second day after fumigant injection, when all mulches had ≤200 ppm of 1,3-D + Pic. Based on the predicted values of each regression equation, a concentration of 200 ppm of 1,3-D + Pic would be reached at 1.9, 1.4, and 1.2 DAT with VIF-G, VIF-WB, and metalized mulch, respectively. In contrast, it would require 0.6 d reaching that soil concentration with HDPE mulch, which suggested that within the fi rst 48 h after application, these highly retentive fi lms retained between two and three times more fumigant than HDPE mulch when the initial fumigant concentration was 600 ppm.
As the injected concentration of the fumigant increased to 1000 ppm, retention differences among mulches were more evident at 1 DAT, with VIF-G, VIF-WB, and metalized mulch maintaining 2.5, 2.1, and 1.8 times more 1,3-D + Pic than with HDPE mulch (Fig. 1B) . A similar situation occurred at 2 DAT. However, at 3 DAT, the soil under all mulches had ≤200 ppm, with no signifi cant retention differences between VIF-G and VIF-WB, and between the metalized and HDPE mulches. It took 2.7, 2.3, 1.8, and 1.1 DAT to reach a concentration of 200 ppm in the plots covered with VIF-G, VIF-WB, and metalized, and HDPE mulches, respectively, demonstrating the high fumigant retention properties of the fi rst three fi lms.
When the fumigant was applied at 1400 ppm, 1,3-D + Pic dissipation reached 200 ppm at 3.2, 2.9, 2.2, and 1.5 DAT under VIF-G, VIF-WB, and metalized, and HDPE mulches, respectively (Fig. 1C) . During the fi rst 2 DAT, there were signifi cant differences among each mulch type, when HDPE mulch had the lowest concentration. However, at 3 DAT, there were no differences between VIF-G and VIF-WB, and between metalized and HDPE mulches, whereas at 4 DAT the 1,3-D + Pic soil concentrations were the same regardless of fi lms.
With regard to purple nutsedge densities, there were signifi cant interactions between mulch types and 1,3-D + Pic concentrations at 2 and 5 WAT. Linear regression equations characterized the response of weed populations to applied fumigant concentrations ( Fig.  2A-B) . At 2 WAT, HDPE mulch had the highest purple nutsedge densities among all fi lms, whereas VIF-G had the lowest populations ( Fig. 2A) . Both the metalized mulch and VIF-WB had the same purple nutsedge control. In the absence of fumigant, there was a mulch effect on nutsedge emergence through the fi lms, as refl ected by the equation intersects, where HDPE mulch had approximately 11 plants/ft 2 in comparison with about 6 and 4 plants/ft 2 for metalized mulch and VIF-WB, and VIF-G, respectively. This effect might be due to the differences in physical properties of the mulches (e.g., color and thickness), which could affect purple nutsedge penetration through the fi lms. Based on the predicted values of the regression lines at 5 WAT, purple nutsedge densities were ≤5 plants/ft 2 with metalized mulch, VIF-WB, and VIF-G with 600 ppm of 1,3-D + Pic, whereas the density was about 8 plants/ft 2 when the soil was covered with HDPE mulch. As the applied 1,3- D + Pic concentration increased, purple nutsedge control under HDPE mulch improved more rapidly than with the other mulches, reaching <5 plants/ft 2 with 1400 ppm of the fumigant. Purple nutsedge densities at 5 WAT declined as fumigant concentrations increased (Fig. 2B) . Similar to the nutsedge counts at 2 WAT, the non-fumigated control showed considerable mulch effect on purple nutsedge populations, where VIF-G, and both VIF-WB and metalized mulch had approximately 41 and 67% less purple nutsedge than HDPE mulch. The treatments covered with VIF-G had purple nutsedge densities <5 plants/ ft 2 , regardless of the applied fumigant concentration, while VIF-WB and metalized mulch reached this nutsedge density with 696 ppm of 1,3-D + Pic. In contrast, 1186 ppm of 1,3-D + Pic were needed to reach this weed density under HDPE mulch.
Under the conditions of this study, correlation analysis showed that fumigant retention readings at 3 DAT are effective indicators for predicting purple nutsedge densities at 5 WAT (r ≤-0.94). Coeffi cients were -0.94, -0.97, -0.97, and -0.99 for VIF-G, VIF-WB, metalized, and HDPE mulches, respectively, suggesting that both variables are closely associated at least 94% of the time, with purple nutsedge densities declining as 1,3-D + Pic retention increased. These fi ndings conclusively proved that 1,3-D + Pic activity on purple nutsedge can be enhanced with the use of more retentive fi lms, which cause longer fumigant retention, thus improving effi cacy. Moreover, application of 1400 ppm of 1,3-D + Pic, in conjunction with high-retention mulches, suppress purple nutsedge densities below 5 plants/ft 2 . Stall and Morales-Payan (2006) determined that a marketable yield loss of 10% can occur with season-long purple nutsedge interference with the population of 2.3 plants/ft 2 .
Furthermore, growers that elect to use this alternative might compensate for the relatively higher cost of VIF and metalized mulches in comparison with HDPE mulch by reducing the 1,3-D + Pic application rate, without losing herbicidal activity.
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